The surfaces of III/V semiconductors exhibit a number of complex reconstructions. The driving force behind these reconstructions can be explained in terms of orbital rehybridization and depolarization of the surface. This is in contrast to the elemental semiconductors where one usually assumes that the minimization of the number of dangling bonds is the ---dominant factor. On the polar (111) and (111) surfaces the stoichiometry is an additional parameter which can be influenced by the preparation of the surface. The (2 X 2) reconstructions of GaAs, GaSb, GaP and InSb have been studied by low energy electron diffraction (LEED) [ 1, 2] , X-ray diffraction (XRD) [3, 4] and scanning tunneling microcopy @TM) 151. They are very similar and the rehybridization is associated with Ga or In vacancies. In addi-* Corresponding author. Fax: +49 89 2394 4334. tion, for InSb(ll1) and GaAs(lll) a certain density of Sb or As vacancies seems to exist [6] . On the ---(111) surfaces vacancies are not expected because the As or Sb dangling bonds are less energetic than the dangling bonds of In or Ga [7] . ---Very little is known about the (111) surfaces. In general they are less stable than the (111) surfaces and exhibit a number of structures depending on the ---surface composition.
For GaAs(ll1) a variety of superstructures has been found with varying As concentration [8-lo] . A number of models have been proposed, namely a trimer model [ll] , a multivacancy model [12] for the (2 X 2) phase, and a staggered As vacancy model for the <m X m>-R23.4"-phase [13] . Recently, a two layered hexagonal ring structure consisting of 12 atoms has been derived from STM measurements for the latter [ll] .
---For InSb(ll1) a (3 X 3) superstructure has been found after annealing under UHV conditions. After evapo-ration of Sb a (2 X 2) reconstruction can be stabi----lized. None of the reconstructions of the (111) surfaces could be uniquely determined. Photoemission ---studies of the InP(lll)-(2 X 2) phase indicated small relaxation in the top layers [14] and a transmission electron microscopy study of the InSb( ill)-(2 X 2) surface confirmed the trimer model [15] .
We present here a new model for the (3 x 3) reconstruction which differs from all structures observed until now on semiconductor surfaces. A statistical random mixture of two types of rings having a lower symmetry than the substrate and occurring in different orientations is the most important feature of this superstructure. There is evidence for In-In bonds in one type of 6-atom rings and the stoichiometry of the surface is changed toward a depletion of Sb.
The (3 X 3) reconstruction was prepared in ultra high vacuum (UHV) by several cycles of Ar+ ion bombardment at 500 K followed by subsequent annealing at 673 K for several hours and slow cooling to room temperature (RT) at 2 K/min.
During the XRD measurements in UHV (base pressure < 4 X lo-" mbar) the surface was stable for several days, whereas it was unstable under the electron beam. Data collection was performed at the Wl beam line of the Hamburger Synchrotron Radiation Laboratory HASYLAH at 1.0" X:ray incidence angle using a wavelength of 1.361 A. In total 278 symmetrically independent reflections were measured consisting of 71 in-plane and 207 out of plane reflections along 24 superstructure lattice rods. A maximum beam exit angle of 70" corresponding to q, = 0.64 A-' could be achieved with our diffractometer. This is equivalent to 1= 8.2 reciprocal lattice units. After correcting the data for active sample area, polarization-and Lorentz-factor
[ 161 the Patterson function P( uu0) [17] was calculated showing the interatomic vectors of the structure projected along z. Using the in-plane (9, = 0) data only was not sufficient to derive a trial structure model. Only the complete data set allowed to calculate sections through the 3D Patterson function. In this case no information is lost by the superposition of positive and negative densities by the projection. The 3D Patterson function together with the STM images were the key to solve the structure. Two Patterson sections parallel (at w = 0) and normal (at u = 0) to the surface are plotted in atomic vectors exists parallel to the surface plane. Therefore, only a small number of atoms are expected in the asymmetric unit. The Patterson section at w = 0 is consistent with ring-like structures, all other models which had been tried generated more maxima in the Patterson function [19] . For the in plane Patterson function P(uu0) we have indicated several maxima labeled by l-5 which can be correlated with interatomic vectors within the rings as well as between the rings. This will be discussed in more detail below. Further, a strong intensity variation along q, is observed which cannot explained by a simple adatom or vacancy structure but is indicative for additional relaxations in deeper layers.
STM topographs were recorded in a separate system on samples prepared by using the same procedure [20] . We were only able to achieve atomic resolution for negative sample bias. For positive sample bias the tunneling conditions turned out to be extremely unstable which corresponds presumably to the facetting observed with LEED. The STM images shown in Fig. 2 reveal the (3 X 3) superstructure to be composed of elongated structures (a) having three different 120" rotated orientations and of trigonal structures ( p) having two different 180" rotated orientations.
These structures are packed in a random distribution. The individual units were found to rotate at RT indicating weak interaction between neighbouring units. In Figs. 3a and 3b we show two 200 X 100 A2 STM topographs which were recorded at 15 min time difference. The circles mark specific features. First, at the outer left side an elliptic ring is observed that changes its orientation. The other circles indicate distorted trigonal features which we call y-ring (see also Fig. 4 ). It can be attributed to an intermediate state during the rotation of an (Y ring. The large bright spots are possibly due to impurities. However, both features, the y-ring and the impurities cover less than 10% of the surface area.
The results discussed so far allowed to derive a variety of models which have been tried to refine. The only model for which an unweighted residuum R, below 0.25 could be achieved is shown in Fig. 4 . The structure consists of two types of six-atom rings on top of a complete InSb double layer. The fraction of the trigonal rings is about 7% which is in reasonable agreement with the STM picture which showed a concentration of about 10%. On the basis of the X-ray data it is not possible to distinguish between In and Sb atoms due to their almost identical scattering power. The assignment of the different sites to In or Sb follows therefore from the observed bond geometry and also from the STM pictures where the dangling bonds of Sb appear as small bright spots at the trigonal and elliptic rings. The rehybridisation from sp" to sp2 orbitals for the group III elements is connected with a change of the bond angles towards a planar three-fold coordination which is observed for four atoms in the elliptic ring. For the other two atoms the bond angles become smaller which can be understood by a rehybridisation from sp3 to spxYz bonds which occurs for the group V elements. The bond geometry apparently approaches trigonal flat and rectangular configurations which we assign to In and Sb atoms, respectively.
It is important to note that the (3 X 3) unit cell is only obtained by averaging over the different ring orientations. Due to the local mm2 and 3m symmetry of the rings there are only two symmetrically independent atoms per ring. The structure analysis proceeded with successive refinement of the free parameters. In the final step 50 adjustable parameters were refined, 46 position parameters, 1 overall temperature factor, two scale factors for in-plane and out of plane data, respectively and 1 occupancy factor for the mixture of the trigonal and elliptic rings. Different scale factors had to be used because the out of plane data were measured with a higher q, resolution than the in plane data. The different ring orienta-tions were treated by using split positions for the atoms. Split positions and anisotropic temperature factors have been tried to take account of relaxations in the first InSb double layer according to the orientation of the rings. However, no significant improvement of the fit quality could be achieved.
In spite of the complexity of the superstructure when describing it in detail including the atomic shifts within the first three InSb double layers, the main vectors within the ring structure show up directly in the Patterson sections, although there is some overlap between different vectors. For example, in Fig For the best fit model we obtained a weighted CR,,,) and unweighted (R,) residual [21] of 0.048 and 0.15, respectively. The "goodness of fit" (GOF) of 1.1 was obtained indicating that the agreement between observed and calculated intensities is within the experimental uncertainty [17] . For example we show in Fig. 5 the agreement between measured and calculated intensities for four superstructure rods. In total 24 superstructure rods have been fitted, all with similar accuracy. An agreement of that quality is indicative that the structure model is correct.
Models of the two types of rings are shown in Fig. 6 . The bond lengths and bond angles within the rings as well as between the ring atoms and the top layer atoms are given in Table 1. The Table 2 lists the relative coordinates of the atoms within the rings and in the first three double layers. In addition, for the latter, the lateral and vertical shifts of the atoms from their bulk positions are given in HngstrSm. Derived bond lengths (A) and angles between ring atoms and first double layer atoms (see also Fig. 6 (2) 0.337 (2) 0.750 (7) Lateral Vertical _ 0.32(4) _.
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(ii)
The lateral shifts are as large as 0.22 w in the top layer but damp out in the second and third layer. One might expect an influence of the different ring orientations on the lateral shifts of the atoms of the first double layer. However, using split positions for the atoms in the first double layer in order to represent the induced disorder, no significant improvement of the fit could be achieved. The maximum vertical shift is 0.8 A. The atom Sb3 at (l/3, 2/3) is shifted outward by about 0.8 A so that smaller bond angles result. The atom Sb2 at (2/3, l/3) h'b't ex r I s oOnly a slight outward displacement by 0.05 A. It seems possible to assign this position also to an In atom. (iii) It is interesting to note that the structure does not satisfy the autocompensation ansatz which expects that all dangling bonds are filled on surface anions and empty on surface cations [23, 24] . If we neglect the fraction of the trigonal rings there remain 4 In and 5 Sb dangling bonds per unit cell, which means that the Sb dangling bonds are filled on the average with 1.85 electrons, or, alternatively, all but one of the Sb dangling bonds are filled with two electrons and one remains with 5/4 electrons. This may explain why the two Sb atoms at (2/3, l/3) and (l/3, 2/3) behave differently.
The atom Sb3 at (l/3, 2/3) exhibits only a slight relaxation indicating a partial rehybridisation. The deviation from autocompensation may be understood by the consideration that the electron counting rule cannot be fulfilled with a (3 X 3) periodicity and the surface comes to it as close as possible, The reconstructions of the (110) and (111) surfaces of several III/V semiconductors have been found to be similar. It is therefore likely that the structure model presented here applies also to the ---(3 x 3) reconstruction of GaAs (111) and with slight modifications to the more complex patterns observed ---on other (111) surfaces of the III/V semiconductors.
